The antituberculosis (anti-TB) drug rifampin (RIF) binds to the beta subunit of the RNA polymerase (RpoB) of Mycobacterium tuberculosis, but the bactericidal responses triggered after target interaction are not known. To evaluate whether RIF induced an oxidative burst, lysates of RIF-treated M. tuberculosis were tested for determination of reactive oxygen species (ROS) by the electron paramagnetic resonance (EPR) technique using 1-hydroxy-3-carboxy-pyrrolidine (CPH) and 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) as spin traps. M. tuberculosis killing by RIF stimulated an increase in the rate of formation of the CPH radical (CP·). Lysate pretreatment with the O 2 · ؊ and ·OH scavengers superoxide dismutase (SOD) and thiourea (THIO), respectively, or with the metal chelator diethylene triamine pentaacetic acid (DTPA) inhibited CP· formation, arguing in favor of a metal-catalyzed ROS response. Formation of CP· did not increase following treatment of RIF-resistant strains with RIF, indicating that the ROS were induced after RpoB binding. To identify the ROS formed, lysates of RIF-treated bacilli were incubated with DMPO, a spin trap specific for ·OH and O 2 · ؊ , with or without pretreatment with SOD, catalase, THIO, or DTPA. Superoxide dismutase, catalase, and THIO decreased formation of the DMPO-OH adduct, and SOD plus DTPA completely suppressed it, suggesting that RIF activated metal-dependent O 2 · ؊ -mediated mechanisms producing ·OH inside tubercle bacilli. The finding that the metal chelator DTPA reduced the bactericidal activity of RIF supported the possibility that ·OH was generated through these mechanisms and that it participated at least in part in M. tuberculosis killing by the drug.
T uberculosis (TB), an infectious disease caused by the bacillus Mycobacterium tuberculosis, remains one of the most important public health problems, particularly in low-and middle-income countries. Current treatment for TB includes administration of first-line drugs isoniazid (INH), rifampin (RIF), pyrazinamide (PZA), and ethambutol for 2 months, followed by RIF and INH for 4 months. While molecular targets of these drugs are known (1) , less information has been reported on the cellular responses triggered after target interaction. In Gram-negative and -positive bacteria, it is known that bactericidal antibiotics induced a mechanism of cellular death stimulating the production of reactive oxygen species (ROS) (2) (3) (4) (5) . The most common ROS include superoxide anion (O 2 · Ϫ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (·OH) (6) . Using the dye hydroxyphenyl fluorescein (HPF) and flow cytometric enumeration, it was found that aminoglycosides, quinolones, and beta-lactams induced ·OH in Escherichia coli and Staphylococcus aureus through pathways involving alterations in central and iron metabolism driving the Fenton reaction (2) . This reaction leads to formation of ·OH through the reduction of H 2 O 2 by ferrous iron and causes damage to DNA, proteins, and lipids that ultimately results in the death of the bacterial cell. Using HPF, INH and PZA were shown to induce ·OH formation also in M. tuberculosis, leading to release of products that stimulated host cell ROS and autophagy (7, 8) . By another fluorescent dye, M. tuberculosis was shown to be extraordinarily sensitive to killing by a vitamin C-induced Fenton reaction (9) . Noticeably, mycobacterial persisters, a small bacterial population refractory to antibiotic killing, were eradicated after treatment with ·OH-generating antibiotics (10) .
However, detection of ROS by cell-penetrating dyes such as HPF, which are oxidized more quickly inside antibiotic-treated bacteria, has been recently questioned (11, 12) . For this reason, in this work the ROS formation was determined by electron paramagnetic resonance (EPR) spin trapping, a technique of great specificity and sensitivity for the measurement of free radicals (6, 13, 14) . Spin trapping reagents react with short-lived radicals, which are subsequently changed to long-lived radicals called spin adducts. The advantage of EPR over other techniques is that it allows the detection and identification of free radicals by observation of the EPR spectrum of a spin adduct and the determination of the rate of radical formation. The EPR spin trapping technique is a semiquantitative or quantitative method successfully applied to detect various types of radicals, from protein radicals to small molecules.
By using EPR spin trapping, it was shown that the bactericidal drug INH induced reactive intermediates and secondary free radicals that brought about the activity of this agent (15) (16) (17) . EPR studies were also performed to investigate redox cycling and activity of rifamycin SV in Escherichia coli (18) (19) (20) , but no major information was given for the rifamycin SV-derived RIF, the companion drug of INH currently used for anti-TB therapy. It is known that RIF inhibits M. tuberculosis transcription by binding to the beta subunit of the RNA polymerase (RpoB) encoded by the rpoB gene (21, 22) , but the cellular responses triggered after inhibition of mRNA synthesis are not known. In this study, by using the EPR technique, we found that RIF induced ·OH formation through a metal-dependent O 2 · Ϫ -mediated reaction. This and other observations may provide helpful insight into the role of ROS in the anti-TB activity of RIF. To determine drug activity and ROS production, tubercle bacilli (optical density at 600 nm of about 0.3) were incubated for 1 and 3 days in the presence of RIF (Sigma Chemicals, St. Louis, MO), at concentrations ranging from 0.125 g/ml (MIC) (25) to 8 g/ml (maximum concentration of drug in serum [C max ]) (23) . In some experiments, bacilli were treated for 3 days with 4 g/ml (C max ) of moxifloxacin (MX) or 4 g/ml (C max ) of the bacteriostatic agent ethambutol (EMB) (23) . One milliliter of culture was washed and resuspended in 1 ml of DTA broth, and 0.2 ml of serial 10-fold dilutions was inoculated on Middlebrook 7H10 agar plates for CFU determination; the number of colonies were counted after 3 weeks of incubation at 37°C under a humidified 5% CO 2 atmosphere.
MATERIALS AND METHODS

Microorganisms
Characterization of ROS by EPR. Tubercle bacilli (6-ml cultures) were collected by centrifugation (1,500 ϫ g for 30 min) and were then washed and resuspended in 1 ml of phosphate-buffered saline (PBS). The samples were transferred into 1.5-ml screw-cap tubes containing approximately 0.5 ml of 0.1-mm zirconia/silica beads and passed at maximum speed through 6 cycles of 50 s each with a 60-s rest on ice between pulses by using a Mini-Beadbeater-8 apparatus (Bio-Spec Products Inc., Bartlesville, OK, USA) to lyse M. tuberculosis cells; this treatment caused a 6.3-log 10 CFU/ml decrease.
The lysates were collected and filtered through membranes (pore size of 0.22 m; Millipore, Malsheim, France). To characterize the ROS formed, 100 l of lysates was mixed with different EPR spin trapping reagents, including 1-hydroxy-3-carboxy-pyrrolidine (CPH), a reagent detecting different reactive oxidizing species (14, 26) , and 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO), a spin trap more specific than CPH for detecting ·OH and O 2 · Ϫ (13, 20, 27, 28) , at the following final concentrations: CPH, 0.5 mM; DMPO, 0.1 M. Samples were then drawn up into a gas-permeable Teflon tube with a 0.81-mm internal diameter and a 0.05-mm wall thickness (Zeus Industrial Products, Raritan, NJ) for EPR measurements.
To be sure that a genuine radical signal was observed, the lysates were treated with CPH or DMPO with or without the addition of the scavengers superoxide dismutase (SOD), thiourea (THIO), catalase (CAT) (for O 2 · Ϫ , ·OH, H 2 O 2 , respectively), and the metal chelator diethylene triamine pentaacetic acid (DTPA) (3, 13) , at the following final concentrations: SOD, 10 g/ml; THIO, 100 mM; CAT, 10 g/ml; DTPA, 1 mM.
EPR spectra were measured at 37°C on a Bruker ECS 106 spectrometer (Bruker, Rheinstetten, Germany) equipped with a variable-temperature unit (ER4111VT). The Teflon tube was folded four times, inserted into a quartz tube, and fixed to the EPR cavity (4108 TMH). The gas flow was air or pure N 2 as indicated. For samples containing CPH, the low field shoulder was chosen to quantify the CPH radical (the nitroxyl 3-carboxyproxyl radical [CP·]) (14) , because the middle component centered at g 2.0 overlaps with many other free radical signals found in biological systems. The kinetics of CP· formation was monitored at intervals of 2 min for 20 min, with the first spectrum being acquired exactly 2 min after CPH addition. During the chosen acquisition time, the rate of CP· formation was linear and expressed as M CP· formed/min (14) . To quantify the ROS formation, a calibration curve was obtained by using standard solutions of CP·. For samples containing DMPO (0.1 M), the first spectrum was acquired exactly 2 min after spin trap addition. All spectra were corrected for baseline drift by a linear function of the software supplied by Bruker (ESP 1600 data system). Spectrometer conditions common to all spectra were as follows: modulation frequency, 100 kHz; microwave frequency, 9.4 GHz; microwave power, 20 mW; modulation amplitude, 0.1 mT. The other specific spectrometer conditions were as follows: gain, 1 ϫ Protection assay. To demonstrate that ·OH formation contributed to M. tuberculosis killing, RIF was added to the cultures either alone or in the presence of 1 mM DTPA. After 1 and 3 days of incubation, 0.2 ml of serial 10-fold-diluted cultures was inoculated in Middlebrook 7H10 agar plates for CFU determination, as described above.
Statistical method. The significance of the differences between CFU counts and rate of CP· formation was assessed by a two-tailed Student t test. P values of Յ0.05 were considered significant.
RESULTS
M. tuberculosis killing by RIF induced formation of radicals.
The numbers of CFU and the rate of formation of CP· after treatment of the RIF-susceptible M. tuberculosis strain H37Rv with RIF concentrations increasing from 0.125 g/ml to 8 g/ml for 1 and 3 days are shown in Fig. 1A . Rifampin killed tubercle bacilli in a dose-response fashion, with the number of CFU decreasing from 57% to 75% on day 1 and from 85% to 99% on day 3. The rate of CP· formation on days 1 and 3 increased 4.7 and 6.2 times at 2 g/ml RIF, respectively, and then slightly decreased at 8 g/ml.
To confirm the occurrence of a genuine radical signal, the rate of CP· formation in the lysates of RIF-untreated and RIF-treated (0.125, 0.5, 2, and 8 g/ml) H37Rv strains was determined by performing competition experiments with the O 2 · Ϫ and ·OH scavengers SOD and THIO, respectively (Fig. 1B) . The presence of transition metals in the M. tuberculosis lysates was evaluated by measuring the rate of CP· formation after adding the chelating agent DTPA. Superoxide dismutase and THIO completely inhibited the CP· increase induced by RIF concentrations ranging from 0.125 to 8 g/ml, suggesting that a broad RIF-dependent induction of O 2 · Ϫ and ·OH, respectively, occurred. Under these conditions, DTPA fully inhibited CP· formation, strongly indicating that RIF induced a ROS response through a metal-dependent O 2 · Ϫ -mediated reaction. Rifampin induced formation of radicals after rpoB binding. The knowledge that in other microorganisms bactericidal drugs induced harmful ·OH after drug-target interaction prompted us to measure the rate of CP· formation after treatment of RIF-susceptible and -resistant (rpoB-mutated) strains with RIF ( Fig. 1C and D) . The drug concentration used to perform these and the next experiments was 8 g/ml. Following RIF exposure, the CP· signal increased in the H37Rv strain (P Ͻ 0.05 compared to untreated bacilli) but not in the RIF-resistant H37Rv strain (H37Rv RIF-R), in comparison with RIFuntreated controls (Fig. 1C) . No increase in the rate of CP· formation was observed after treatment of H37Rv with EMB. Instead, the rate of CP· formation increased after treatment of H37Rv RIF-R with MX (P Ͻ 0.05 compared to untreated bacilli).
To confirm the observations obtained with the reference strains, the rate of CP· formation was measured in M. tuberculosis clinical isolates (Fig. 1D) . Again, while after treatment with RIF the CP· signal increased in RIF-susceptible strains (strains 5502 and 5050) (P Ͻ 0.05 compared to untreated bacilli), no difference between RIF-treated and RIF-untreated RIF-resistant strains (strains 7225, 3063, 4164) was observed. Overall, these observations indicated that the ROS were generated after binding of RIF to the RpoB target.
Rifampin induced metal-dependent O 2 · ؊ -mediated formation of ·OH. To identify the ROS formed, the lysates of RIF-exposed M. tuberculosis H37Rv were treated with DMPO (Fig. 2) . Spectrum A showed that, in the absence of RIF, the addition of DMPO resulted in the formation of the 1:2:2:1 quartet with hyperfine splitting constants (a H ϭ a N ϭ 14.9 G) characteristic of the DMPO-hydroxyl (DMPO-OH) adduct (20, 27, 28) . In RIF-exposed H37Rv lysates, the intensity of the DMPO-OH adduct consistently increased with respect to that shown in the absence of the drug (spectrum B). Moreover, a weak six-line spectrum with hyperfine splitting constants of a N ϭ 15.4 G and a ␤ H ϭ 23 G was concomitantly detected. The latter adduct could be attributed to the trapping of a carbon-centered radical likely generated via the oxidation of an impurity of commercial DMPO, as previously reported (29) . To investigate the source of DMPO-OH adduct formation, RIF-exposed M. tuberculosis lysates were incubated for 10 min before DMPO addition with the ROS scavengers SOD and CAT (for O 2 · Ϫ and H 2 O 2 , respectively) and THIO (for ·OH). Superoxide dismutase and CAT (spectra C and D, respectively) efficiently inhibited the RIF-dependent increase of DMPO-OH adducts, whose levels were comparable to those measured in the absence of the drug (compare spectra A, C, and D). In the presence of THIO, no EPR-detectable signals were observed (spectrum E), suggesting that both RIF-dependent and -independent (RIF-untreated) mechanisms generated ·OH. The contribution of metals to the DMPO-OH formation was suggested by the lack of adduct formation when the metal chelator DTPA was added simultaneously to SOD (spectrum F). The detection of DMPO-OH signal does not always prove that ·OH is produced in the experimental system. DMPO-OH can indeed arise from either direct trapping of authentic ·OH or by decomposition of adduct with O 2 · Ϫ (DMPO-O 2 H), the half-life of which is less than 1 min. To unequivocally establish the ·OH formation, it is essential to perform kinetic-based competition experiments in the presence of ·OH scavengers. These compounds efficiently compete with DMPO for ·OH, forming carbon-centered radicals that can subsequently be trapped by DMPO (28) . When the ·OH scavenger ethanol was added to RIF-exposed M. tuberculosis lysates, the formation of DMPO-OH was markedly inhibited (spectrum G). Concomitantly, the characteristic six-line DMPO adduct with hydroxyethyl radical DMPO-CHCH 3 OH was formed (a N ϭ 15.4 G and a ␤ H ϭ 22.7 G) (28), superimposed to the weak preexistent six-line spectrum (compare spectra B and G). Finally, adduct formation was completely dependent on dissolved oxygen, as shown by the lack of any detectable signal when lysates were bubbled with 100% N 2 for 15 min before the addition of DMPO (spectrum H). No adduct was formed by DMPO in PBS (spectrum I). Collectively, these results indicated that RIF promoted ·OH formation in M. tuberculosis through metal-dependent, O 2 ·Ϫ-mediated mechanisms.
The metal chelator DTPA protected M. tuberculosis against killing by RIF. To further ascertain whether metal-dependent mechanisms were involved in the killing of M. tuberculosis H37Rv by RIF, we determined the numbers of CFU/ml after 1 and 3 days of treatment with RIF, at concentrations increasing from 0.125 to 8 g/ml, both alone and in the presence of the metal chelator DTPA (Fig. 3) . While no CFU differences were observed between RIF and RIF-DTPA after 1 day of incubation, treatment with RIF-DTPA for 3 days reduced killing activity of RIF by 0.3 to 0.7 log 10 . DTPA alone did not inhibit bacterial growth, because no major CFU differences between RIF and RIF-DTPA were observed in RIF-untreated cells (0 g/ml RIF).
DISCUSSION
Rifamycins are a group of antibiotics first isolated in 1957 from
Nocardia mediterranei as a mixture of components designated A, B, C, D, and E (30) . Chemical modifications of rifamycin B led to the discovery of rifamycin SV and of its derivative RIF, introduced for oral treatment of pulmonary TB in 1971. Inhibition of DNAdependent RNA polymerase seems to be the common mechanism for all antibacterial rifamycins, and the binding site of the drug is located at the beta subunit of the RNA polymerase encoded by the rpoB gene (21, 31) . However, few data have been reported on the
FIG 2 EPR spectra of DMPO adducts obtained in RIF-treated and -untreated
M. tuberculosis suggest ·OH involvement. DMPO (0.1 M) was added to lysates of M. tuberculosis H37Rv grown for 3 days in the absence of RIF (spectrum A) or in the presence of 8 g/ml RIF (spectrum B). Lysates from samples grown in the presence of RIF were treated with 10 g/ml SOD (spectrum C), 10 g/ml CAT (spectrum D), 100 mM THIO (spectrum E), 10 g/ml SOD and 1 mM DTPA (spectrum F), or 1% ethanol (spectrum G) or treated in hypoxic conditions by 15 min N 2 bubbling (spectrum H). No signals were detected in PBS in the absence of M. tuberculosis lysates (spectrum I). Adduct attribution: DMPO-OH (a H ϭ a N ϭ 14.9 G; marked with OE), DMPO oxidation product (a N ϭ 15.4 G and a ␤ H ϭ 23 G; marked with ), and DMPO-CHCH 3 OH (a N ϭ 15.4 G and a ␤ H ϭ 22.7 G; marked with ). M. tuberculosis lysates were incubated with scavengers at 37°C, 10 min before DMPO addition. Spectra were acquired at 37°C, 2 min after DMPO addition. For instrument settings, see Materials and Methods. The EPR spectra obtained after 1 day of incubation with RIF were superimposable to those obtained after 3 days shown here. Mtb, M. tuberculosis. cellular responses that occur as a consequence of drug-target interaction. In studies on the activity of rifamycin SV against E. coli, the ·OH was not detected by flow cytometry with HPF (2) but was found by EPR techniques and was suggested to participate in the inhibition of bacterial growth (18) . To our knowledge, no study on the ROS generated following treatment of M. tuberculosis with the pivotal anti-TB drug RIF has been reported. Here, we present data indicating that ·OH was induced by RIF, which contributes to M. tuberculosis killing.
To set up the EPR protocol, we performed preliminary experiments with CPH. First, no differences in the baseline rate of CP· formation were observed between RIF-containing and no-RIF culture medium. Furthermore, we found that CPH was unable to penetrate inside RIF-treated and -untreated M. tuberculosis. Indeed, the rate of CP· formation increased after the addition of CPH to lysates of cultures treated for 1 or 3 days with RIF but not to lysates in which CPH was added to the cultures together with RIF on day 0. Finally, to exclude that the level of CP· signal was due to limited CPH availability, time course experiments were performed with 0.5, 1, and 2 mM CPH. No differences between these concentrations were observed; therefore, 0.5 mM CPH was used throughout the study.
The rate of CP· formation was measured after exposure of M. tuberculosis to increasing concentrations of RIF. The highest CP· levels were seen after 1 day of treatment, due to consistent (57 to 75%) killing, and then the rate of CP· formation increased slowly on day 3, in keeping with the lower number of bacilli remaining. A decrease in the rate of CP· formation was observed when the RIF concentration increased from 2 to 8 g/ml; a similar observation was seen in norfloxacin-treated E. coli (12) .
Competition experiments with scavengers and pretreatment with a metal chelating agent confirmed that a genuine radical response was induced by various RIF concentrations. Because ·OH can be produced by the interaction of O 2 · Ϫ , H 2 O 2 , and metal ions through the Fenton and/or the Haber-Weiss reactions (6, 9) , inhibition of the CP· signal by SOD indicated that O 2 · Ϫ was generated and likely participated in ·OH formation. The occurrence of ·OH production through these reactions was also suggested by inhibition of the CP· signal with the iron chelator DTPA and with THIO, a ·OH scavenger decreasing the damaging effect of this radical (2) (3) (4) (5) . Overall, these data indicated that the interaction between RIF and M. tuberculosis triggered an ROS response, including metal-dependent O 2 · Ϫ -mediated production of ·OH. To explore the relationship between ROS production and interaction of RIF with its target, the rate of CP· formation in RIFsusceptible and -resistant (rpoB-mutated) strains was measured. In the drug-susceptible strain H37Rv, the CP· signal was triggered by RIF but not by the bacteriostatic agent EMB, in keeping with previous observations suggesting that ROS production is specific for bactericidal antibiotics (2) . The ROS were generated only after interaction between RIF and its target RpoB, because in drugresistant strains (both H37Rv RIF-R and clinical isolates), RIF, but not MX, a bactericidal agent targeting DNA gyrase (1, 23) , failed to trigger CP· formation. These observations also exclude that ROS were produced intracellularly by auto-oxidation of RIF, as mentioned in previous studies (18) .
A further demonstration that RIF stimulated ·OH formation was obtained by performing EPR experiments with DMPO. Drug-untreated M. tuberculosis generated a spectrum characteristic of DMPO-OH spin adduct formed after ·OH trapping by DMPO (20, 27, 28) . After RIF exposure, the intensity of DMPO-OH signal substantially increased in comparison with that of untreated M. tuberculosis. The RIF-dependent signal was reduced to the level of the drug-untreated control by SOD and CAT, indicating that O 2 · Ϫ and/or H 2 O 2 were essential for the generation of the DMPO-OH adduct and that its formation likely occurred after their production. Both RIF-dependent and -independent (RIF-untreated) ·OH levels were strongly suppressed by THIO, in keeping with inhibition of radical formation by THIO observed by using CPH. Finally, when SOD and DTPA were added to lysates, a complete inhibition of the DMPO-OH signal was seen, strongly arguing in favor of a metal catalysis. A further demonstration that the DMPO-OH detected in the above-described systems was due to ·OH trapping by DMPO was that lysate treatment with the ·OH scavenger ethanol generated a spectrum typical of the hydroxyethyl radical (28) . Overall, EPR data indicated that RIF induced ROS formation in M. tuberculosis and that the DMPO adduct formed was due to the trapping of ·OH. On the basis of these data, we hypothesized that RIF stimulated ·OH formation by pathways involving the Fenton and/or the Haber-Weiss reactions that are known to occur in M. tuberculosis (6, 9) .
The finding that the metal chelator DTPA reduced at least in part the bactericidal activity of RIF supported this hypothesis. While no effect was seen after 1 day of incubation with the drug, likely due to low penetration of DTPA inside M. tuberculosis cells, this compound reduced the killing activity of RIF on day 3, confirming intracellular activation of metal-dependent mechanisms. On the other hand, 3-day treatment of M. tuberculosis with 150 mM THIO (10) did not inhibit bacterial growth, and 3-day cotreatment with 8 g/ml RIF and 150 mM THIO did not protect M. tuberculosis cells from drug effect (P Ն 0.20, seven experiments). These results were likely due to lack of penetration of THIO inside M. tuberculosis, because no difference in the rate of CP· formation was seen between RIF and RIF-THIO-treated bacilli (unpublished data).
Overall, our observations on the tuberculocidal activity of RIF are in keeping with studies using flow cytometry showing that in Gram-negative and -positive microorganisms, the bactericidal antibiotics induced formation of toxic ·OH after drug-target interaction (2, 4, 5, 7, 10) . This view was recently challenged by studies in E. coli showing that a shift in HPF fluorescence and protection by THIO occurred also under anaerobic conditions (11, 12) and that O 2 · Ϫ had both protective and detrimental roles in response to antibiotics (32) . Here, we determined the ROS levels by EPR, a technique more specific and sensitive than fluorescence for measurement of radicals, and used two different spin trapping reagents to detect and identify the ROS formed. Collectively, we showed that RIF induced ·OH in M. tuberculosis and that a metal chelator reduced at least in part the bactericidal activity of RIF. These results are in keeping with the knowledge that mycobacterial persisters were eradicated by antibiotic-generated ·OH (10) and that M. tuberculosis was sensitive to killing by a vitamin C-induced Fenton reaction (9) . In our study, we detected ROS after bacterial lysis; thus, we cannot exclude the possibility that ROS were produced in the lysates from substrates produced intracellularly as a result of the rpoB-rifampin interaction.
However, the contribution of ROS to antimicrobial activity may be more complex than initially envisioned (2, 22) , requiring the examination of different microorganisms, drugs, and experimental conditions (11, 12, 32, 33) . The recent observation that drugs accelerate oxidative stress in M. tuberculosis within infected macrophages is in keeping with this view (34) . Apart from this, we think that the EPR technique can be a powerful tool for studying free radicals and should be considered when investigating the activity of anti-TB drugs and their combinations.
